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Plasma protein adsorption to highly permeable hemodialysis mem-
branes. Although membrane adsorption of plasma proteins is one of
several factors determining the biocompatibility and mass transfer char-
acteristics of a hemodialyzer, this process has not been evaluated rigor-
ously. We performed an equilibrium and kinetic analysis of the binding of
proteins of differing molecular weight to highly permeable membranes of
differing hydrophobicity and surface change. Hydrophobic, anionic poly-
acrylonitrile (PAN) and hydrophilic, uncharged cellulose triacetate (CT)
membrane fragments were incubated in buffer containing radioiodinated
2-microglobulin (J32m) or bovine serum albumin (BSA). From an initial
solution concentration of 50 mg/liter, both membranes adsorbed signifi-
cantly more j32m than BSA at equilibrium (PAN, 352 t 30 vs. 32.1 2,4
ng; CT, 87.0 0.6 vs. 30.8 1.7 ng). These results were consistent with
membrane pore exclusion of BSA. Comparison of the slopes of the
equilibrium isotherm lines (concentration range, 0 to 220 mg/liter) showed
the PAN binding affinity for j32m and BSA was 28 and 1.4 times that of CT,
respectively. In kinetic studies, the approach to equilibrium versus
(time) was assessed. For all protein-membrane combinations, this
relationship was linear, consistent with a diffusion-controlled process. This
latter characteristic permitted the determination of g32m membrane
diffusivity values for both PAN and Cr, which were found to be 0.30 and
3.25 x iO' cm2/sec, respectively. These data suggest membrane hydro-
phobicity more significantly influences the binding of low-molecular
weight proteins than that of pore-excluded proteins. In addition, these
results demonstrate electrostatic membrane-protein interactions may in-
fluence the kinetics of both thern adsorption and transmembrane mass
transfer of plasma proteins.
Upon exposure of blood to an artificial membrane during
hemodialysis, the adsorption of plasma proteins is a nearly
instantaneous event [1]. This process is an important determinant
of both the biocompatibility [1—5] and membrane transport char-
acteristics [6, 7] of a dialyzer. In addition, membrane binding is a
mechanism by which some low-molecular weight (LMW) proteins
are appreciably removed from the bloodstream [2—4, 8—17].
In vitro [2, 10, 18, 19] and in vivo [5, 8, 10, 16] studies have
demonstrated dialysis membranes composed of synthetic poly-
mers such as polyacrylonitrile (PAN), polymethylmethacrylate
(PMMA), and polysulfone more avidly adsorb plasma proteins
than do cuprophane membranes. The greater hydrophobicity and
higher porosity of the synthetic membranes [20], as compared to
cuprophane, enhance protein binding. However, the recent devel-
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opment of the highly permeable cellulose triacetate (CT) mem-
brane [21—25] has confounded the classification of hemodialysis
membranes. Clinical use of this substituted cellulosic membrane,
although relatively hydrophilic, has resulted in substantially less
complement activation than cuprophane [21, 22] and significant
transmembrane 2-microglobulin (/32m) removal [23—25]. How-
ever, plasma protein adsorption to C and other highly permeable
membranes has not been assessed and compared in a systematic
manner.
In this investigation, we compared the protein adsorptive
properties of two highly permeable membranes of differing hy-
drophobicity and charge. Fundamental equilibrium and kinetic
assessments of the adsorption of both a LMW and high-molecular
weight protein (132m and albumin, respectively) to hydrophobic,
anionic PAN and hydrophilic, uncharged CF membranes were
performed. Our results suggest membrane-protein electrostatic
interactions and membrane hydrophobicity are important deter-
minants of plasma protein adsorption to highly permeable mem-
branes. In addition, our data indicate plasma proteins are ad-
sorbed to these membranes in a mixture of orientations.
Methods
Protein radiolabeling
Bovine serum albumin (BSA, Fraction V) and /32m (both Sigma
Chemical Co., St. Louis, MO, USA) were radioiodinated with
Na125I (Amersham Co., Arlington Heights, IL, USA) and lodo-
gen (Pierce Chemical Co., Rockford, IL, USA) as described
previously [26]. Briefly, BSA (2.5 mg) or 2m (250 jig), dissolved
in 250 j.d of phosphate-buffered saline (PBS, pH 7.4), was
radiolabeled by contact with lodogen for 30 minutes. Gel filtration
(Sephadex 0-25, Kabi Pharmacia, Piscataway, NJ, USA) was
subsequently performed to separate labeled protein from free
1251. The characteristics of each protein appear in Table 1.
Serial effluent samples from the gel filtration column were
subjected either to cold trichloroacetic acid (TCA) or acetone
precipitation. Both the total and precipitable radioactivities from
separate aliquots of each effluent sample were measured with a
gamma counter (Beckman Instruments, Irvine, CA, USA). Efflu-
ent samples whose total radioactivities were predominantly (
94%) precipitable were retained for subsequent use as tracers in
the adsorption experiments.
The protein concentration of each effluent sample eventually
used as a tracer was determined. For 32m, an enzyme immuno-
assay (/32-micro EIA, Knbi Pharmacia Diagnostics, Uppsala,
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Table 1. Characteristics of j32m and BSA
2m BSA
Molecular weight kDa 11.8 66.4
Isoelectric point 5.7 5.07
Number of amino acids 99 582
Dimensions A 45 X 25 X 20 140 X 40 X 40
Aspect ratio (f3)a 2.25 3•5
Diffusion coefficient iO cm2/sec 13.3 6.1
a Aspect ratio is the longest segment (A)/shortest segment (A)
Sweden) was employed while the Bradford method [27] was used
for BSA concentration determinations. These concentrations
were utilized in the determination of protein specific activities. In
all adsorption studies, protein solutions were PBS-based and the
experimental pH was 7.4.
Dialysis membranes
Membranes composed of PAN, a copolymer of acrylonitrile
and sodium methallyl sulfonate (AN69, Hospal Inc., Lyon,
France) and CT (Baxter Healthcare Co., McGaw Park, IL, USA)
were studied. Both of these membranes are homogeneous and
symmetric in structure. During first use, both of these membranes
are permeable to LMW proteins but essentially impermeable to
albumin based on their reported molecular weight cutoff values.
All experiments involved the use of 4 mm circular membrane
fragments (nominal surface area, 0.25 cm2), which were cut from
flat sheet membranes by use of a dermatologic curette (George
Tiemann Co., Hauppauge, NY, USA). PAN fragments (25 m
thickness) were cut from an unused clinical hemodialyzer (Bios-
palTM) while CT fragments (150 j.m thickness) were obtained from
an experimental membrane (Renal Division, Baxter Healthcare
Co.). All membranes were washed extensively with PBS before
use.
Competitive (labeled vs. unlabeled) adsorption studies
To exclude the possibility that radioiodination of the proteins
affected their membrane binding characteristics, competitive ad-
sorption experiments were performed. The amount of radiola-
beled protein offered for binding, as a percentage of the total
amount of protein offered, ranged from 20 to 100%. A 50 1.d
aliquot of protein solution was incubated with a membrane
fragment for 30 minutes at 37°C. After the membrane was rinsed
five times with PBS, the membrane-associated (bound) radioac-
tivity was determined.
Protein adsorption as a function of time
The time dependence of protein adsorption to the two dialysis
membranes was evaluated by the generation of kinetic curves for
two reasons. First, a prerequisite for performing the equilibrium
isotherm experiments (vide infra) was knowledge of the time
required to reach equilibrium for each protein-membrane combi-
nation. Second, as described subsequently, detailed mass transfer
analyses were possible by inspection of early (non-equilibrium)
kinetic curve time points. In these time dependence studies, a 50
1.d aliquot of protein solution (50 mg/liter) was incubated with a
membrane fragment at 37°C for time periods ranging from 30
seconds to four hours. After the incubation, the membrane was
washed five times with PBS and the bound radioactivity deter-
mined. The membrane washing procedure involved spraying a
forceful stream of buffer five times against the membrane as it was
transferred sequentially to five different tubes. Protein specific
activity was used to convert membrane-bound radioactivity to
amount of protein bound.
The rate-limiting step for protein adsorption to an artfficial
surface may be either diffusion (mass transfer) to a binding site or
intrinsic adsorption kinetics [28, 29]. Measures designed to reduce
mass transfer resistances, such as a flow rate increase or agitation,
increase the overall rate of adsorption in a diffusion-limited
system. However, these measures do not affect the adsorption rate
of a system under kinetic control. The Crank technique [30], in
which the approach to equilibrium (amount adsorbed at time
t/amount adsorbed at equilibrium) is plotted versus (time)"2,
permits this determination to be made. A linear relationship
produced by this analysis is consistent with a diffusion-controlled
adsorption process. Therefore, kinetic curve data for non-equilib-
rium time points were analyzed in this manner.
Adsorption isotherm studies
Equilibrium isotherm experiments were performed as de-
scribed previously [26]. Briefly, a 4 mm membrane fragment was
incubated in protein solution (50 1.d) at 37°C for a time period,
determined in the kinetic experiments, sufficient for equilibrium
to be reached. After attainment of equilibrium, both the mem-
brane and incubation vessel were rinsed with PBS. The radioac-
tivity and volume of the vessel rinse solution, together with the
original incubation volume (50 l), were used to determine the
equilibrium protein concentration. Equilibrium protein binding
was determined by the membrane-bound radioactivity and protein
specific activity.
Statistical methods
All measurements were performed in duplicate and results are
expressed as mean SEM. Initially, data were tested for normality
and found acceptable. However, due to large differences in
variances, comparisons were performed with the two-sample t-test
adjusted for unequal variances with P < 0.05 considered statisti-
cally significant. For all figures, the absence of error bars signilies
the SEM was less than the symbol used.
Results
Radiolabeled protein characterization
The mean specific activity of '25I-2m (5 iodinations) was 1.1 X
106 cpm/g (range, 0.73 to 1.83 X l0 cpm/.tg) while the 1I-BSA
specific activity (1 iodination) was 5.8 X 106 cpm/jg. The mean
ratio of unlabeled to labeled j32m was 11.8 (range, 3.8 to 17.6)
while the same ratio for BSA was 19.0. The results of experiments
in which the labeled percentage of total protein offered was
between 20 and 100% are shown in Figure 1 for BSA adsorption
to CT. A direct relationship existed between the amount of
1251-BSA offered and the amount bound. This finding, also
observed for 2m (data not shown), implies the radiolabeling
procedure did not affect protein adsorption behavior significantly.
Kinetic curves
Kinetic curves for j32m and BSA (initial concentration, 50
mg/liter) adsorption to both PAN and CT membranes appear in
Figures 2 and 3. For all protein-membrane combinations, adsorp-
tion equilibrium was reached by 120 minutes. Both of the j32m
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Fig. 1. Amount of 1251-BSA adsorbed to CT, expressed as membrane-bound
radioactivity, as a function of amount of '251-BSA offered in solutions
containing va?ymg proportions of labeled and unlabeled protein. The inde-
pendent variable is expressed in relation to the case in which adsorption is
from a solution containing only 1I-BSA. A linear relationship exists (r =
0.99). Values are mean SaM; N = 3.
curves (Fig. 2) demonstrate an initial plateau (kink), which
previously has been attributed to changes in the structural orien-
tation of adsorbed proteins [29, 31, 32]. However, /32m equilib-
rium binding was significantly more to PAN than to CT (Table 2).
The BSA kinetic curves are shown in Figure 3. At equilibrium,
although binding of BSA to the two membranes was not statisti-
cally different, each membrane adsorbed significantly less BSA
than f32m (Table 2). These data corroborate our recent finding
that LMW protein adsorption to highly permeable membranes
occurs predominantly within the pore structure rather than the
Table 2. Protein adsorption to PAN and CT membranes at equilibrium
32m BSA
PAN 352 3o 32.1 2.4l
CF 87.0 0.6c 30.8 17d
nominal surface [26]. The subsequent analysis is based on the
assumption that the pore structure of the two membranes permits
f32m entry but excludes BSA to the nominal surface [23], the
surface area of which is significantly less than that associated with
the membrane pores.
Adsorption isotherm analyses
To characterize the relative affinities of the two membranes for
proteins of differing molecular weight and relative asymmetry,
adsorption isotherm experiments were performed. In these stud-
ies, equilibrium binding was assessed over a wide range of
concentrations for both 132m and BSA (Figs. 4 and 5, respectively).
The /32m isotherm curves, generated over a concentration range
[33] applicable to patients with end-stage renal disease (ESRD),
were linear for both PAN and CF. Because the slope of the linear
phase of an isotherm curve is proportional to binding affinity [28],
a comparison of the slopes of the two lines provided valuable
information. Based only on nominal surface areas, such an
assessment showed the PAN affinity for 132m was approximately
4.7 times that of CT. However, because /32m was assumed to
access the pore structure of the two membranes approximately
equally, the difference in membrane thicknesses had to be con-
sidered. As the thickness of CT was 6 times that of PAN, these
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Fig. 3. Amount of BSA adsorbed to PAN and CT as a function of time for
an initial solution concentration of 50 mg/liter. Values are mean SEM; N =
3.
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FIg. 2. Amount of 132m adsorbed to PAN and CT as a function of time for
an initial solution concentration of 50 mg/liter. Values are mean SEM;N = 3 or 4.
Values are mean SEM; N = 3, Units are ng. Initial solution
concentration was 50 mg/liter.
a P < 0.01 vs. 132m/CT
bP < 0.01 vs. f32m/PAN
Cfl < 0.01 vs. BSAJCT
d P = NSvs. BSA/PAN
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Fig. 4. Amount of f32m adsorbed to PAN and CT at equilibrium as a
function of equilibrium solution concentration (adsorption isotherm). Both
curves are linear (r = 0.99). Values are mean SEM;N = 3 or 4.
200
0
.0
0
Co
100
0
300
Equilibrium BSA concentration, mg/liter
Fig. 5. Amount of BSA adsorbed to PAN and CT at equilibrium as a
function of equilibrium solution concentration (adsorption isotherm). Both
curves are linear (r = 0.99). Values are mean SEM; N =3.
results demonstrate that the 2m affinity of PAN was actually --28
(4.7 X 6) times that of Cr.
A similar analysis for BSA is shown in Figure 5. Comparison of
the slopes of the best-fit regression lines for PAN and Cl'
demonstrated the PAN adsorption affinity for BSA was approxi-
mately 1.4 times that of CT over the concentration range inves-
tigated. (The assumption of BSA pore exclusion obviated the
need to consider the differing membranes thicknesses in evalua-
tion of the relative affinities.) Therefore, PAN affinities for both
proteins were greater than those of CT but the relative affinity
(PAN:CT) was substantially greater for f32m than for BSA.
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Fig. 6. Approach to equilibrium (M/Meq) as a function of (time)"2 for j32m
adsorption to PAN and CT (initial solution concentration 50 mg/L). M, and
Meg represent the amounts of 2m bound at time t and at equilibrium,
respectively. For both curves, a linear relationship is present (r = 0.99 for
both). Values are mean SEM; N = 3 or 4.
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FIg. 7. Approach to equilibrium (M,/Meq) as a function of (time)"2 for BSA
adsorption to PAN and CT (initial solution concentration 50 mg/liter). M,
and Meg represent the amounts of BSA bound at time t and at equilib-
rium, respectively. For both curves, a linear relationship is present (r =
0.99 for both). Values are mean SEM; N 3.
Approach to equilibrium analyses
The approach to equilibrium data, expressed as (Mt/Meq)
versus (time)112, appear in Figures 6 ((32m) and 7 (BSA). These
results demonstrate diffusion was the initial rate-limiting step for
all protein-membrane combinations. The slope of the approach to
equilibrium line, in the Crank analysis, is equal to (D/x2)1'2 where
D is the effective diffusivity of the adsorbing protein and x is the
effective path length for adsorption [30]. Therefore, the kinetic
PAN
0 100 200
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Table 3. /32m mass transfer data for PAN and CF
PAN CF
xfpm 527 527
xm un 12.5 75
x., un 539.5 602
Rf mm/cm 660 660
Rm mm/cm 674 385
R0 mm/cm
Dm iO cm2 /sec
D0 iO cm2/sec
1334
0.30
6.77
1045
3.25
9.60
data generated in this study permitted quantification of the 132m
membrane diffusion properties. The principle that the overall
resistance to mass transfer of a solute (R0) through a membrane
is equal to the sum of resistances in series was utilized [34]:
RoRm+Rf
In this expression, Rm and Rf were the diffusion resistances
associated with the membrane and film (boundary) layer, respec-
tively. An alternative expression of equation (1) was:
x0fD0 = ('m1m) + (xf/Df)
In each term of this expression, the numerator represented the
thickness of the mass transfer layer while the denominator was the
132m diffusivity value in that layer.
We have previously employed this type of analysis to determine
132m mass transfer data for PAN [26, 35]. For the present study,
equation (2) was used to determine /32m mass transfer data for CF
in a similar manner. The value of x (527 m) had been previously
determined for PAN [35] and was assumed to be a reasonable
estimate for CT. On the other hand, Xm was the half-membrane
thickness of CT (75 j.Lm). Because the overall path length (x0 = xm
+ xf) was then known, the slope of the approach to equilibrium
line (Fig. 6) was used to determine D0. With a Df value of 13.3 XiO cm2/sec [36] available and the value of (,ç,/D0) now deter-
mined, equation [2] could be rearranged to express Dm as a
function of the other parameters, the values of which were all
known.
Results of the f32m mass transfer analyses for both PAN and CF
appear in Table 3. The estimated 2m membrane mass transfer
resistance (Rm) for CF was approximately 60% of the PAN Rm
value. This difference in the mass transfer resistances resulted in
a 2m Dm value for CF that was an order of magnitude greater
than that for PAN (3.25 X iO cm2/sec and 0.30 X iO cm2/sec,
respectively).
Discussion
The membrane adsorption of certain LMW proteins may
contribute to a reduction in morbidity for ESRD patients receiv-
ing chronic hemodialysis. Recent evidence suggests adsorption of
LMW proteins is an important mechanism by which the comple-
ment activation associated with hemodialysis is attenuated [2, 4].
In addition, certain high permeability membranes can bind LMW
inflammatory mediators, such as endotoxin fragments [37], inter-
leukin-1 [38, 39], and tumor necrosis factor [39], in appreciable
quantities.
The adsorptive removal of another LMW protein, 2m, may
also be important in reducing dialysis morbidity. Recent studies
(2)
from both Europe [40] and Japan [41] have demonstrated treat-
ment with sulfonated PAN dialyzers reduces the incidence of
dialysis-related amyloidosis (DRA), as compared to conventional
cuprophane hemodialysis, the latter of which results in no effec-
tive removal of /32m. Conversely, sulfonated PAN hemodialyzers
remove j32m in significant amounts, with membrane adsorption
accounting for the majority (approximately 60%) of the total 2m
elimination [10, 11]. However, other than our recent study [26],
previous investigations have not assessed the fundamental mech-
anisms mediating LMW protein adsorption to dialysis mem-
branes. An improved understanding of these fundamental mech-
anisms may permit the development of adsorption-based
therapies that prevent DRA.
The membrane adsorption of proteins of greater molecular size
than 132m also has an important role in hemodialysis. Albumin,
fibrinogen, and immunoglobulin G have been shown to be the
major components of the plasma protein layer adsorbed to an
(1) artificial surface [42]. The composition of this protein layer is an
important factor in determining the inflammatory response [5, 43,
44] and thrombogenicity [18, 45] associated with a biomaterial.
Gachon et al [5] showed the amount of protein eluted from
clinically used hemodialyzers varies inversely with the comple-
ment activation potential of the membrane. In addition, adsorbed
protein layers with relatively high fibrinogen:albumin ratios ap-
pear to increase thrombus formation on artificial surfaces [46—
48]. In this respect, surface passivation with albumin has recently
been reported to reduce the thrombogenicity of nonporous bio-
materials [46, 49]. Finally, the adsorbed protein layer effectively
represents an additional mass transfer resistance (secondary
membrane) that may adversely affect dialyzer mass transfer,
especially that related to convective transport [6, 7, 50]. There-
fore, an improved understanding of plasma protein adsorption to
membranes may provide insights into the factors determining the
biocompatibility, thrombogenicity, and mass transfer characteris-
tics of clinical hemodialyzers.
In the present study, we compared the protein binding proper-
ties of PAN and CF dialysis membranes, both of which have high
permeability (flux) characteristics. For these membranes, signifi-
cant pore entry of 32m and other LMW proteins occurs. However,
for our analysis, we assumed that proteins of molecular weight
equal to or greater than that of albumin (66.5 kDa) are excluded
from the pore structure of these membranes in the new (non-
reused) state. We attribute the significantly greater f32m binding
for both membranes (Table 2) to this difference in pore access for
the two proteins. However, the inherent binding characteristics of
J32m rather than pore access may also account for its greater
binding to both membranes. In addition to pore accessibility,
another difference between the two proteins is their three-
dimensional structures, as albumin is relatively more asymmetric
than j32m (Table 1).
Previous investigations have demonstrated that striking homol-
ogy exists between BSA (582 amino acids) and human serum
albumin (HSA, 585 amino acids) [51, 52]. Both proteins are
composed of three homologous domains linked together by
peptide chains. In addition, any differences that exist between the
two proteins are generally minor ones, such as the replacement of
a hydrophobic amino acid by another hydrophobic amino acid
rather than a polar one. The marked similarity between the two
proteins permitted the membrane adsorption of HSA to be
characterized experimentally with the use of BSA.
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The BSA concentration range over which adsorption was
studied in the isotherm experiments was significantly lower than
physiologic albumin concentrations. However, because we wished
to compare the relative affinities of the two membranes for 132m
and BSA, generally similar protein concentration ranges needed
to be studied. As the two membranes investigated were of
differing relative hydrophobicity and surface charge, this study
permitted assessment of the possible effects of these latter char-
acteristics on protein adsorption. Our isotherm experiments
showed the /32m affinity of PAN was approximately 28 times that
of a while the same factor for BSA affinity was only 1.4. One
possible explanation for this observation concerns the relative
hydrophobicities of the two membranes. Because the f32m sieving
properties of CT dialyzers are similar generally to those of other
high permeability dialyzers [23, 25], the potential adsorptive
surface areas in the internal pore structure of these membranes
are also generally similar. Due to the strong correlation between
surface hydrophobicity and protein adsorption [53], the relatively
greater adsorption of both proteins to PAN than to a is not
surprising. However, the difference in hydrophobicities of the two
membranes may have been accentuated in the case of /32m, which,
by virtue of its access to the pore structure of both membranes,
was exposed to a much larger adsorptive surface area than was
BSA.
Differing protein-membrane electrostatic interactions [54—57]
may also account for our isotherm results. While a is uncharged,
PAN has a negative surface charge due to the presence of
sulfonate groups [20]. On the other hand, both proteins possess
hydrophobic interiors which are surrounded by predominantly
polar exteriors [36, 52]. Because both proteins have acidic isoelee-
tric points, their overall net charge at physiologic pH, at which this
study was performed, is negative. However, the local charge of the
adsorbing segment of a protein need not necessarily reflect the net
charge [29]. Therefore, differences in the local charges of the
adsorbing segments of the two proteins may have explained the
membranes' affinity differences. An attractive hypothesis is that
either the segment of fJ2m adsorbing to PAN had a local positive
charge or the segment of BSA adsorbing to PAN had a local
negative charge. In the former case, PAN may have acted as an
ion exchanger to augment /32m adsorption relative to that of
uncharged CT.
Finally, the differing orientations with which the two proteins
were adsorbed may serve to explain our isotherm data [29, 31, 32].
A major factor mediating the efficiency with which a protein is
adsorbed is its relative asymmetry, which can be characterized by
the aspect ratio [58]. By X-ray crystallography, Becker and Reeke
[59] have determined the dimensions of native 132m to be 45 X 25
x 20 A (/3 = 2.25). On the other hand [60], native albumin is more
elongated, having largest and smallest dimensions of 140 A and 40
A (j3 = 3.5), respectively (Table 1). Whether the adsorbing
surface of a protein molecule consists of the long segment
(side-on adsorption) or short segment (end-on adsorption) is a
major determinant of the efficiency of the binding process [29, 32].
That is, as a result of more efficient molecular packing of the
bound protein layer, end-on adsorption results in relatively higher
surface concentrations than does adsorption in a side-on orienta-
tion.
The surface concentration predicted for monolayer adsorption
of BSA ranges from 1.9 to 6.9 mg/m2 for side-on and end-on
adsorption, respectively. For the highest equilibrium solution
concentration evaluated in the present study (—200 mg/liter, Fig.
5), the adsorbed BSA surface concentration was an intermediate
value of approximately 2.0 mg/m2 for both PAN and a. At the
same equilibrium solution concentration, Van Dulm and Norde
[56] reported a similar bound concentration for albumin adsorp-
tion to silieonized glass.
Because estimates of pore surface areas were not available,
accurate determination of /32m surface concentrations was not
possible for either membrane in this study. However, in a recent
study quantifying equilibrium binding of /32m to nonporous PAN
[26], we determined that the /32m adsorbed surface concentration,
at the highest solution concentration evaluated (42 mg/liter), was
2.4 mg/m2. This value for /32m was also intermediate between
surface concentrations predicted for monolayer side-on and
end-on adsorption (1.7 and 3.9 mg/m2, respectively). These inter-
mediate surface concentrations for both f32m and BSA suggest a
mixture of both side-on and end-on adsorbed protein populations
was present. Morrissey [32] has suggested side-on adsorption is
favored at low solution concentrations because the protein can
optimally conform to a relatively uncrowded surface. However, at
high solution concentrations, steric constraints favor the more
efficient molecular packing of end-on adsorption.
Our isotherm data also indicate /32m binding to PAN resulted in
a more efficiently packed adsorbed layer than did BSA binding.
For the same equilibrium solution concentration (42 mg/liter), the
surface concentrations of f32m and BSA bound to PAN were 2.4
mg/m2 (26, vide supra) and 1.1 mg/m2 (Fig. 5), respectively. If both
proteins were adsorbed predominantly in a side-on orientation,
the relatively greater asymmetry of BSA may have unfavorably
influenced its binding. Conversely, a relatively greater degree of
end-on binding by /32m than by BSA also may have accounted for
these results. Additional experiments at higher solution concen-
trations are required for complete characterization of the equi-
librium binding of both of these proteins.
Our kinetic analyses revealed a linear relationship between the
approach to equilibrium (Mt/Meq) and (time)112 for all protein-
membrane combinations, consistent with initial diffusion control.
The comparative f32m kinetic analysis indicates the /32m mem-
brane diffusivity for a was approximately 11 times that of PAN
(3.25 x ir7 vs. 0.30 x i0 cm2/sec, respectively). Electrostatic
membrane-protein interactions may explain this difference. Ley-
poldt et al [55] have demonstrated the anionic charge of the
sulfonated PAN membrane lowers the transmembrane transport
rate for anionic dextrans compared that for uncharged dextrans.
In addition, Naitoh et al [24] have shown the diffusive removal of
132m by CT dialyzers is superior to that by unsulfonated (un-
charged) PAN dialyzers.
In addition to charge effects, differences in the adsorption
orientations of the two proteins may have influenced the kinetics.
In previous studies, a plateau or even an overshoot in the kinetic
curves (amount bound vs time) for the adsorption of asymmetric
proteins has been observed [31, 56]. A tentative explanation for
this observation is fast initial adsorption of proteins in an end-on
orientation followed by eventual displacement by proteins ad-
sorbed in a side-on orientation. End-on binding is favored ther-
modynamically at early times (low surface occupancy) because the
adsorption process involves relatively few protein-surface attach-
ments. However, the relatively greater number of protein-surface
attachments that have to develop for side-on adsorption to occur
accounts for the predominance of this configuration at longer
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times. In addition, due to this relatively greater number of
attachments, side-on adsorption is inherently a higher affinity
process than is end-on adsorption, a finding which accounts for
the ability of molecules bound in the former configuration to
displace those bound in the latter configuration. The initial
plateau observed in the J32m kinetic curves for both membranes in
this study was consistent with a transition from end-on to side-on
binding.
The limitations of this study mainly concern the differences
between the operating conditions of these experiments and those
of clinical hemodialysis. The experimental design in the present
study utilized a static, unstirred configuration, for which estimates
of 132m membrane and film resistances were obtained. For PAN,
the estimated film and membrane resistances were nearly equal,
while the film resistance was approximately 1.7 times that of the
membrane resistance for CT. In addition to approximating clinical
hemodialysis more closely, the change from static to flow exper-
imental conditions would reduce the film resistance for each
membrane. For PAN and possibly also for CT, this change would
result in an adsorption rate that is limited by pore diffusion or
possibly by intrinsic adsorption kinetics. Another limitation of our
experimental design was the lack of additional proteins or cellular
elements in the adsorbate. However, blood represents a very
complex adsorption system, the study of which requires an initial
assessment of a protein's behavior in the simpler systems utilized
in the present study. Future experiments incorporating flow and
eventually utilizing both uremic plasma and blood will be required
for a more comprehensive evaluation.
In summary, membrane adsorption of plasma proteins during
hemodialysis is a critical process that has not been rigorously
investigated in the past. In the present study, we have evaluated
the effect of protein size and asymmetry on adsorption to highly
permeable membranes of differing hydrophobicity and charge.
Our results suggest membrane hydrophobicity is a more impor-
tant determinant of 2m adsorption than that of pore-excluded
BSA. Whether this distinction holds true for other plasma pro-
teins remains to be determined in future studies. This study also
indicates differences in protein asymmetry may account for dif-
ferences in relative binding efficiency. Finally, both electrostatic
and steric effects represent additional factors that may influence
protein binding to highly permeable membranes. With continued
investigation of this problem, enhanced understanding of the
manner in which plasma proteins interact with porous artificial
surfaces should be possible. The development of improved dialytic
treatments with reduced morbidity for patients with ESRD may
ensue.
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